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INT-CL (IPC) : C12 N 15/00 

ABSTRACTED -PUB -NO: WO 200078941A 
BASIC-ABSTRACT: 

NOVELTY - Inhibiting plasma membrane uncoupling protein (UCP) expression in a cell, 
comprising contacting a cell with a plasma membrane UCP inhibitor (I) , is new. 

DETAILED DESCRIPTION - INDEPENDENT CLAIMS are also included for the following: 

(1) a composition (II) comprising a plasma membrane targeted UCP inhibitor; 

(2) sensitizing (III) a resistant tumor cell to a cytotoxic therapy, by expressing a 
functional UCP or UCP fragment in a plasma membrane of a resistant tumor cell to 
sensitize the resistant tumor cell to a cytotoxic therapy; 

(3) screening (IV) a tumor cell of a subject for susceptibility to treatment with a 
chemotherapeutic agent, or screening a subject for the presence of rapidly dividing 
cells , comprising : 



(a) isolating a tumor cell or sample of cells from the subject; and 



1 of 2 



3/18/02 11:26 AM 



Record Display Form 



Wysiwyg://! 5/http://westbrs: 8002/bin/ga. . .RO&p_Message=&p_doccnt= 1 &p_doc_ 1 =PTFFRO 



(b) detecting the presence of a UCP molecule in the plasma membrane of the cell, 
where the presence of UCP molecule indicates that the tumor cell is susceptible to 
treatment with a chemotherapeutic agent and is a rapidly dividing cell; 

(4) a kit (V) for screening a tumor cell of a subject for susceptibility to 
treatment with a chemotherapeutic agent, comprising a container housing a UCP 
molecule detection reagent and instructions for using the reagent; 

(5) inducing (VI) cellular division in a growth arrested cell, by expressing a 
functional UCP or UCP fragment in a plasma membrane of a growth arrested cell to 
induce cell division of the cell; 

(6) regulating (VII) lysosomal pH, by modifying lysosomal UCP activity in a cell; 

(7) treating (VIII) autoimmune disease, by administering a UCP activator to a 
subject to prevent antigen presentation; and 

(8) a composition (IX) comprising a UCP inhibitor associated with a lysosomal 
targeting molecule or a UCP associated with a plasma membrane targeting molecule; 
and 

(9) treating or preventing (X) an infectious disease by administering a lysosomal 
UCP inhibitor to a subject having or at risk of developing an infectious disease. 

ACTIVITY - Antibacterial; antiviral; antifungal; cytostatic; immunosuppressive; 
antirheumatic ; ant iarthri tic ; dermatological . 

The effect of UCP inhibitor to cause cell death was studied. Chemotherapy - sensitive 
cells HL60 and chemotherapy resistant cells HL60-MDR were exposed to a labeled 
anti-UCP antibody for two 15 minute intervals and subjected to flow cytometry . When 
HL60s were treated with the anti-UCP antibody, a high number of dead cells were 
present in the population and longer incubation times with the anti-UCP antibody 
resulted in a greater number of dead cells within the population. There was no 
difference between the anti-UCP untreated and treated HL60-MDR cells as these cells 
do not express cell surface UCP. 

MECHANISM OF ACTION - UCP inhibitor. 

USE - The method is useful for inhibiting plasma membrane UCP expression in a tumor 
cell, lymphocyte, pancreatic beta cell, rapidly dividing bacterial cell or B cell. 
(II) is useful for preventing or treating cancer. (Ill) is useful for sensitizing a 
melanoma cell to a cytotoxic therapy. (VI) is useful for inducing cellular division 
in a nerve cell. (X) is useful for preventing or treating an infectious disease in a 
subject infected with an intracellular bacteria or parasite. (All claimed). 
Inhibiting plasma UCP expression in a cell is also useful for treating other 
diseases associated with rapidly dividing cells such as rheumatoid arthritis and 
scleroderma . 

ABSTRACTED -PUB -NO: WO 20007894 1A 
EQUIVALENT-ABSTRACTS : 

CHOSEN-DRAWING: Dwg.0/0 

DERWENT- CLASS : B04 D16 

CPI-CODES: B04-C01; B04-E02F; B04-F0100E; B04-G01; B11-C08; B12-K04A; B12-K04F; 
B14-A01; B14-A02; B14-A04; B14-B02; B14-C06; B14-C09B; B14-H01; D05-C12; D05-H09; 
D05-H12A; D05-H14B2; D05-H16A; D05-H17A6; 
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Fluorescent Methotrexate Labeling and Flow Cytometric 
Cells Containing Low Levels of Dihydrofolate Reductase* 



(Received for publication, November 27, 1986) 



Patrick Gaudray$, Joseph Trotter, and Geoffrey M. Wahl§ 

From the Gene Expression Laboratory, The Salk Institute, San Diego, California 92138 



Previous studies have demonstrated the usefulness 
of flow cytometry in the analysis of dihydrofolate re- 
duotaee (EC 1.5.1.3) gene amplification. However, this 
powerful and potentially sensitive method for analyz- 
ing gene expression in individual cells has not seen 
widespread use. This is due in part to the diffic ul ty o f 
producing fluorescent methotrexate (Fluo-MTX), 
which is needed to label dihydrofolate reductase in 
vivo, in yields higher than 1% and of sufficient purity 
to give low nonspecific backgrounds by the published 
procedures. We have significantly improved the syn- 
thesis of Fluo-MTX to obtain rapidly a chromatograph- 
icaily pure product in 20% yields. In addition, we have 
found that cell volume is a variable which makes direct 
comparisons of fluorescence intensity between cell 
lines difficult. In order to circumvent this problem, we 
have improved flow cytometric analysis to measure the 
fluorescence specific intensity, of individual cells. A 
survey of various cells commonly used for gene trans- 
fer shows a significant variability in the efficiency 
with which they are labeled with Fluo-MTX, which 
appears to be due to variations in their ability to trans- 
port this reagent. 



Research oyer the past decade has demonstrated the im- 
portance of gene amplification as a mechanism for generating 
genomic variability in eukaryotic as well as prokaryotic cells . 
(Schimke, 1932; Stark and Wahl, 1984). In zsammals, cyto- 
genetic and molecular evidence of gene amplification is fre- 
quently found in tumor cells isolated from cancer patients or 
grown in tissue culture. Amplification of oncogenes in these 
cells has led to the hypothesis that their overexpression could 
be involved in the development and/or progression cf malig- 
nancy (see Pali, 1981, and Bishop, 1983, for a review). In 
addition, cell lines established in vitro, or tumor cells in vivo, 
can develop resistance to a wide variety of antiproliferative 

• agvuut uu VU511 TiiiiyiiimrtiMirii u& vux> gvuv ouwuuiug uic vn&juiv 

target for the selective drug. 

.Although gene amplification is a frequent phenomenon in ^ 
. genetic terms (<10~* events/cell/generation), its frequency is 
too low to allow the molecular analysis of the first events 
which lead to amplified sequences. Thus, the dynamics of 

* This work was supported in parts by grunts from the National 
Institutes of Health, the G. Harold and Leila Y. Mathers Charitable 
Foundation, and the Joseph Alexander Foundation. The costs of 
publication of this article were denied in part by the payment of 
page charges. This article must therefore be hereby marked "advert 
tisement" in accordance with 18 U.S.C. Section 1734*olely to indicate 
this (act • 
■, t Recipient of a long term fellowship from the European Molecular 
Biology Organization. 

§ To whom correspondence and requests for reprints should be 



gene amplification have been studied most frequently on large 
populations of cells which may have undergone numerous 
genetic changes. One exception has been the study of the 
amplification of the dihydrofolate reductase gene, which en- 
codes the primary target of the anti-cancer drug methotrexate 
(MTX 1 ) (Hakala et ofc; 1981). Fluo^scent derivatives of MTX 
(Fluo-MTX; Gapski et ol t 1976; Rosowsky et ai, 1982) have 
enabled the labeling of dihydrofolate reductase in individual 
living cells within a population where it can be quantitatcd 
with the flow microfluorometer (FMF) (Kaufman et al 9 1978). 
•Furthermore, since the amount of dihydrofolate reductase in , 
a ceil is roughly proportional to its dihydrofolate reductase 
gene copy number (Alt et 1978), flow cytofluorometric 
analysis can give an indication of the dihydrofolate reductase 
gene copy-number per cell under a variety of conditions 
(Johnston et aL f 1983; Mariani and Schimke, 1984). 
■ - ' Our studies have concentrated on the effect of gene position 
on gene amplification (Wahl et a/., 1984). .Due to the advan- 
tages offered by the analysis of dihydrofolate reductase gene 
amplification at the level of single cells within a population 
using the FMF, we have chosen to study the amplification of 
dihydrofolate reductase minigenes introduced into random 
genomic locations. It has been necessary to overcome several 
hurdles in order to pursue these experiments. First, the avail- 
able dihydrofolate reductase, minigenes are usually expressed 
at low levels in dihydrofolate reductase-deficient CHO cells. 
While these cells can be transformed to the wild type pheno- 
type by one or a few dihydrofolate reductase mirugenes 
(Croum^t oU 1983), they usualls^exhibit 20-50% of the wild 
type levels of dihydrofolate reductase activity. Detection of 
such low levels of dihydrofolate reducta^ the FMF 
necessitates the use of highly purified Fluo-MTX, free of all 
the contaminants which cause either a reduction of the signal 
(e.g. MTX) or an unacceptable background fluorescence 
which prevents sorting. Second, because of the hydrophobicity 
■end low eoiubility of the product, it has been difficult to 
'produce bicbly purified r^uo^MTX in yields greater than 1% 
by the methods published to date (Gapski et oL, 1975; John- 
ston et oi., 1983). 

In this communication, we report significant alterations of 
previously published procedures, The ^ 
bles the preparation of chroniatbgraphically pure 
in 20% yields and in one-third the time required previously 
We also show that the cell, line most commonly used for . 
^dihydrofolate reductase gene transfer (DXB11, Uriaub and . 

. 1 The abbreviations used are: MTX; methotrexate; CHO, Chinese, 
hamster ovary; DMF, dimethylformamide; MetSO; dimethyl sulfox- 
ide; FBS, fetal bovine serum; FMF, flow microfluorometer; Fluo; 
DAP, fluomsceinyi-diaminopentane; Fluo-MTX, fluoresceiayl-dw- 
minopentyl-methotrexate; HPLC, high performance liquid chroma- 
tography; Hopes, 4-(2-hyd>oxyethylM-piperazmeeth^ 
acid; DKFR, dihydrofolate reductase; TAC, time to amplitude con- 
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Fig. 1. Physical and genetic map of dihydrofolate reductase expression vectors. Sites for restriction 
enzymes which cut once are indicated. 6'-*3 ; shows the direction of transcription of the PyrB and dihydrofolate 
reductase genes. Symbols used axe: E3, pBR322 sequences; CI pucl9 sequences; dihydrofolate reductase, and (B, 
SV40 sequences derived from pSV2-DHFR (Lee et aL, 1981); E3, mouse mammary tumor virus long terminal repeats 
sequences from pMDSG (Lee etoL, 1981); 0, PyrB gene of Escherichia coli coding for the bacterial aspartate 
transcafbamylase*; ■, BstEli/EcofU restriction fragment from cosmid pcos2EMBL (Poustka et aL t 1984) carrying 
the Cos site of phage A; ■, BcR/Hphl fragment of polyoma virus carrying the viral origin of DNA replication and . 
theearSy transcription promoter/ enhancer. Arrows show the genealogy of these plasmids. bp f base pairs. ' • 



Chasin, 1980) expresses the donated genes at the . expected 
levels (10-60% of the wild type dihydrofolate reductase activ- 
ity) when transformed by different dihydrofolate reductase 
ihinigenes, but does not generate wild type transfonnante 
which can be labeled with Fhio-MTX at a significant level 

, Our data suggest that the inability to label DXBll transform- 
ants with Fruo-MTX is due to an unpaired transport of Fluo- 
MTX. On the contrary, dihydrofolate reductase-deficient 
DG44 cells are well suited for analyzing jexpreasion and am- 

. plificstksn of donated dihydrafclate reductase genes using 
Fluo-MTX and flow cytometry. We have also analyzed a 
variety of cell lines commonly used for gene transfer by flow 

. cytometry after labeling with Fhio-MTX and have found that 
they differ significantly in their ability to rje labeled wit* 
Fluo-MTXi The implications of this result are discussed ^ 

'. \ ■;' ■ : MATERIALS AND METHODS ] ; ~ 

Chemicals— MeSO was purchased from Mallinkrodt; DEAB- 
TrHcryl from LKB; HPLC water and acetonitrile from Baker;' 
NADPH from Boehringer; methotrexate was provided by the Na- 
tional Cancer Institute; and all other chemicals were purchased from 



CeUa— Two different dihydrofolate reductase-deftcient CHO cells 
*J. Ruiz and G. M. Wahl, manuscript in preparation. 



were generously provided by Dr. L. Chasin, Columbia University. 
DXBll is a homozygous mutant of CHO-K1 obtained by x-ray 
mutagenesis (Urlaub and Chasin, 1880). DG44 is a CHO-pro3 ceU 
line containing a double deletion of the dihydrofolate reductase locus, 
analogous to the other DG cell lines described in Urlaub et at (1983) . 
Mutant as well as wild type CHO-K1 were routinely grown in F12 
medium supplemented with 10% FB8. Human and mouse lympho- 
cytes were grawn i« BPMLis^dHHE wn towiiw inft FBS. AO ether 
cell lines were grown in Dulbecco'e modified Eagle's medium supple- 
mented with 10% FBS 

Transformatwnof Dihydrofolate RediuXase-deficieM Celts— A mod- 
ification of the procedure of Shen etol (1982) was used. For trans- 
formation of 10* cells, 10>g of plasmid DNA in 850 >lof sterile water 
were mixed with 100 *d of 10 X HEBS (10 X HEBS contains 1.37 M 
NaCfc 60 mM-KCl, 7.3 mM NajHP0 4 , 210 mM Hepes/NaOH; and 1% ' 
glucose at pH 7.20) in a 15-ml conical clear centrifuge tube. Fifty *d 
of 2 II CaCU were added on the side' of the tube and then mixed 
thoroughly by vortezing for 16 s. After 15 min at room temperature, 
the mixture was used for transformation. Trypeinited cells, suspended 
in modhnn containing 10% FBS,' were counted, "and aliquots of 10* 
cells were centriraged in tubes containing 10 ml of serum-tree me- 
dium. All but approximately OA ml of supernatant was removed Cells 
were resuspended in the remaining medium. The DNA/Ca**P0 4 
suspension was added and incubated at 87 "C with occasional 'genUe 
agitation for 20-30 min, and then 10M0* cells wars plated in 10-cm 
dishes in nonselective medium. Medium was changed after 6-18 h at 
37 *C t and selection was applied approximately 48 h after the cells 
were plated Selective medium was Dulbscco's modified Eagle's ma- 
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dium supplemented with nonessential amino acids and 10% dialyted 
FBS. Routinely, 10" 4 to 10"* of the cells were transformed to the wild 



Dihydrofolate Reductate Minigene PtasmvU— The structure of the 
pSV2«DHFR platmid haa been described &* et ai f 1981). The con 
module (ffmdni/BamHI fragment) containing the mouse dihydro- 
folate reductase cDNA, the emall-T intron, and early mRNA poly- 
adenylation signal, was introduced into four different expression 
vectors. These vectors have been constructed for other purposes and 
thus the detail of their construction is not relevant to the present 
study* However, their maps axe presented in Pig. 1 for interested 
readers who can obtain further details concerning their construction 
and properties from the authors. 

Dihydrofolate Reductase Enzyme Activity—A suspension of 10 7 
cells/ml in 20 mil Tris, pH 8, 0.6 M NaCl, 2 mil dithiothreitol, end 
2 mil phenylmetbylsulfonyl fluoride was lysed by 8 rounds of freeae- 
thawing. The lysate was centrifuged for 1ft min at 11,000 x g. The 
supernatant was recovered, and protein concentration was deter- 
mined by the Bio-Rad proteui «wy (Bradford, 1976). Dihydrofolate 
reductase enzymatic activity was determined according to Frearson 
el al (1906). The amount of enayrr. ) needed to convert' 1 wsol of 
dihydrofolate into tebrahydrofolate in 1 min at 26 *C is. defined as 1 
unit 

HPLC AnalysiM—TbA stationary phase was a preparative Altes 
Ultrasphere ODS column (inside diameter 10 mm x 25 cm; 6-pm 
diameter particles) and the mobile phase was a gradient mixture of 
0. 1 fcfl ammonium acetate pH 7.00 (A) and 80% (v/v) acetonitrile, 0.02 
M ammonium acetate. pH 7.00 (B). Usually, 10 id of 1 mil solutions 
of methotrexate, fluoresceinyl dimminopentan*. or Fluo-MTX (made 

. in 90% A + 10% B buffer) were injected for one analysis. The flow 
rate waa 2 ml/min. The absorbance at 264 nm was recorded. 

Flow Cytometry— Cells at approximately 75% confluency were 
incubated 1&-24 h at 37 *C in F12 medium containing 10% FBS and 
the indicated concentrations of Fluo-MTX. For each analysis, a * 
negative control was included in which each cell line i-aa Labeled in 
the same conditions, but in the presence of 10- 20 mm nonlabeled 
MTX as a competitor. The excess label was removed by incubation 
of the csIIb hi drug-free Dulbecco's modified Eagle's medium contain- 
ing 10% FBS for 30 min at 37 *C before harvesting. A suspension of 
approximately 10" cells/ml was made in (Ca** and Mg**)-free phos- 
phate-buffered saline containing 2.6% filtered dialyred FBS. Flow 
cytometric data were collected on the Salk Institute FMF via a 
modified LACEL model 317 data acquisition hardware by a DEC.-. 
PDP-11/73 computer and stored as listmode data files for subsequent . 
ntmiy nia The FMF multiparameter set-up was as follows: analog 
signals from the fluorescein channel (515-640 am) wsrs integrated 
and logarithmically compressed over a 3-decade range as a measure 
of total intracellular fluorescence. Forward narrow angle light scatter 
signals were both integrated as a measure of total scatter and patched . 
to a pulse shape analyser for time to amplitude conversion (TAC) as 
a measure of cell diameter; The instrumental gains were set such th^ 

• autofhmrescence from unlabeled cells waa on scale when excited at 
600 milliwatts by the argon laser tuned to 488 run. Ftooreacence and 

-TAC units represent the geometriv means of fluorescence and TAC 
distributions. The signal-tO-noiae ratio (S.N Jt) for cells labeled with 
FW-MTX im the difference* between »V» , fhgy ff*?^ cf the 

. ceils labeled with Fluo-MTX alone (A) and the mean fluorescence, of , 
cells labeled with Fluo-MTX plus free MTX (flj (ie nonspecific 
fluorescence), divided by the mean fluorescence of cells labeled with 
Fhso-MTX phis free MTX (&N.R. — Oi— B)/B)., , 

Fhore»ceinyl-<iiaminope7Uane (Fluo-DAP)— The synthesis and pu- 
rification of Fho-DAP was performed according , to Gapaki et oL 
(1975). Starting from 1-3 g. of fluorescein isotmocyanate, yields of 

. 40% were achieved routinely. . ' 

Fluoreeteinyl-diamirwpentyl-methotrexate (Fluo-MTX)— The 
modifications we have mtroduced in the synthesis and purification 
procedure of Gapaki et at (1975) are outlined and .discussed in detail . 
under "Results." However, a complete protocol is presented here for 

■ * convenience. ^* 
i MTX (116 mg) (~2^ X 1(T*' ntol)~ 125 mg of Fhio-DAP 
l(T*. mol)V and 230 mg of l-etiryl^ ? (3Hhmethylanim 

> pyi)csibodiimide were dissolved in 20 ml of dimethylfonmuiude with 
magnetic stirring and reacted in the dark for 16 nun at rooni temper- 
ature in a 160-ml Corex tone. Diethyl ether (150 ml) was added to 
stop the reaction. The suspension was eentrifuged for 15 min at 3000 
rpm. The cloudy supernatant was discarded, and the pellet was air- 
dried The pellet was then dissolved in 100 ml of 0.1 M NH4OH (16 



min at room temperature with magnetic stirring) and the solution 
was clarified by filtration through a 0.46-/0* nitrocellulose filter. The 
solution was KwwK* to nH 6 0 K N HC9 "fy* » pwmitwt* of 
Fluo-MTX was allowedto form for 5-10 min at room temperature. 
The precipitate was collected by filtration ua before, dried on the 
filter in a ryophilixer, and then dissolved in 26 ml of 60 nm NH4OH. 
The clear solution was loaded on a 26-ml DBAE-Trisacryl column, 
which had previously been extensively washed and equuibreted with 
H&. The column was washed overnight with 0.5-1 liter of 0.1 u 
NHiHCO* 20% CH4CN, then with 100 ml of 0.25 U NHXO„ 20% 
CHjCN. A broad peak of fluorescent material was then eluted from 
the column in 0.6 ftf NH4CO1, 20% CH|GN and collected Tha eruted 
material was homogeneous and co-migrated with Fluo-MTX in thin 
layer chromatography on polyetbykneiroine-celluloae TLC plates 
usirg (126 M NHJiCOt, 20% CH*CNa* a solvent (Rr values: MTX 
- 0.56, Fluo-DAP m 0.38, Fluo-MTX - 0,27). The eiuste wee brought 
to pH 3 by addition of 6 N HCl, and the precipitate was collected and 
dried ss before. The brown solid obtained was subsequently dissolved 
in 20 ml of 50 mU NH4OH and lyophilixed Alternative methods for 
storage are described under "Results." 

• • RESULTS ■' 

Synthesis and Characterization of Fluo-MTX— Vfe have 
found that the synthesis of Fluo-MTX by published proce- 
dures (Gapski et aL 9 1976) is compromised by secondary 
reactions which lead to the accumulation of products that are 
almost totally insoluble in the commonly used solvents. These 
reactions are favored by trace amounts of water in the reaction 
mixture and they dramatically increase with time. This first 
' problem can be minimized by using ajihydrous solvents. We 
, have also investigated the kinetics of the reaction in several 
different eolvents in order to optimize the production of Fluo- 
MTX. 3 Analysis by HPLC of the reaction products generated 
either in M33SO or DMF showed that insoluble products 
accumulated at the same rate in both solvents. However, the 

DMF than in MeaSQ: In DMF, after only a 5-min reaction, 
more than 40% of the material absorbing at 254 nm was Fluo- 
MTX, and, after 15-20 min, virtually all free MTX had been 
'converted to fluoresceinated derivatives of MTX. On the 
contrary, more than 60 min were needed, to achieve the same 
result in Me^G. Moreover, a rapid puriHcation of Fluo-MTX 
can ba achieved when Fluo-MTX is synthesized in DMF. This 
purification takes advantage of die miscibility of DMF in 
c diethyl etJier and the insolubility of Fluo-MTX in this solvent 
Thus, it ici possible to stop the reaction efficiently by precip- . 
itation of the products with diethyl ether. This procedure 
cannot be applied to the reaction performed in Me^SO since 
MeaSO is not miscible with diethyl ether. 
; ' Fluo-MTX prepared as described above is suitable for csi; 
• iabeiing after an additional acid precipitation. However, the 
stability of Fluo-MTX after acid precipitation is poor as 
indicated by the accumulation of insoluble material within a 
few weeks of storey as a BoUd at -20 °C. As a consequence, 
.the signal-tornoise ratio (see "Materials and Methods") ob- 
served in the analysis of CHO-Kl cells by flow cytofluo- 
rometry, drops from >2.5 (with CHO-Kl cells) for fresh 
product to less than 0.6 within 38 weeks of storage. 

In order to obtain a product which is stable^ upon storage 
and gives a high signal-to-noise ratio, it is necessary to pui^ 
Fluo-MTX further by ion excharige chromatography. Ttik 
step is problematic using published protocols because Fluo- 
MTX is hydrophobic and binds to many column matrices. 
We have used DEAE-Triaacryl in order to limit the nonspe- 
cific interaction which is commonly observed in the chroma- 
tography of fluorescein derivatives on cellulose columns. We 
have found that the addition of 20% acetositnle to buffers 

3 Data not shown. 
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used to wash and elute Fluo-MTX from the column further 
helps to reduce the hydrophobic interactions which result in 
broad peaks and a substantial ioss ot product. 

When purified as described above, Fluo-MTX can be stored 
at -20 *C in three alternative ways for at least 6 months 
without apparent loss of activity, solubility, or alterations 
which increase the background fluorescence. It may be stored 
as: 1) a 10 mM solution in 10 mil NHjOH, 2) a 10 mM 
suspension in 1 ;oM HC1, or 3) a dry solid. Purified Fluo- 
MTX has a specific absorbance of £u = 65,200, £ u 875 iud 
= 12,200, at pH 13. However, while it was homogenous' by 
TLC, the most woirisoine contaminant, free MTX, is difficult 
to detect by this analysis. 8 We thus performed HPLC and 
monitored the absorbarce at 254 nm, a wavelength capable 
of detecting all of the reactants and products. Fig. 23 shows 
that no free MTX is detectable in flue MTX prepared by our 
procedure. Two major product peaks were detected. They 
represent more than 80% of the material absorbing at 264 
nm, and are also present in a pure sample, of Fluo-MTX 
(panel A, kindly given to us by J. Whiteley, Scripps Clinic 
and Research Foundation, La Joila). It is possible that these 
two products are the a and y isomers of Fluo-MTX. Synthesis 
and purification of Fluo-MTX according to the procedure 
described above are reproducible as long as they are not scaled 
up to produce gram quantities of Fluo-MTX. In fact, we have 
observed that the yield decreased when large amounts of Fluo- 
MTX were prepared. 3 One possible explanation is that it is 
more difficult to control the timing of the reaction and puri- 
fication when working with large volumes. 
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Fig. 2. HPU3 analysis of Fluo-MTX. HPLC analysis ofFhio- 
MTX was performed as described under "Materials and Methods." 
Pond A shows the typical pattern of a Fluo-MTX sample provided 
by Dr. J. Whiteley, as well as the location of Fmo-DAP and MTX 
peaks run in a parallel experiment Panel B shows the result off the 
same analysis performed on a Fhio-MTX sample synthesized and 
purified according to "Materials and Methods.* 



We assessed the purity of our Fluo-MTX by its ability to 
inhibit dihydrofolate reductase activity in extracts of CHO- 
Kl talk. Fig. 3 showa Fluo-MTX inhibits dihydrofolate 
reductase strongly although less efficiently than MTX does, 
as noted by others (Gapski et aL t 1975; Kaufman et ol, 1978). 
We have observed that the enzyme encoded by the plasmida 
pCDP12, pPDC2, and pPDl (Bee Fig. 1) in several transform- 
ante of DXB11 and DG44 cells shows an altered inhibition 
by both Fluo-MTX and MTX. One example is shown in Fig. 
3 (pCDP-3 cells). Since the dihydrofolate reductase gene 
present .in the plasmid which was used to obtain pCDP-3 
transfbrmahta was derived horn pSV2-DHFR and the latter 
encodes a fcnetically normal enzyme (pSV2-6 in Fig. 3), we 
infer that the mutation leading to the observed change in 
MTX binding characteristics must have occurred during clon : 
ing. ' *" 

Labeling of Cells Expressing Low Levels of Dihydrofolate 
Reductase with Fluo-MTX— Previous studies have empha- 
sized the use of Fluo-MTX and flow cytometry to study cells 
with high levels of dihydrofolate reductase. However, a sig- 
nificant number of experiments require the ability to differ- 
entiate accurately among ceils expressing low levels of dihy- 
drofolate reductase. Therefore, we have investigated the con- < 
options required to optimise and quantitate the labeling of 
cells which have low dihydrofolate reductase activity. 
^ Johnston et ai (1983) have shown that addition of thymi- 
dine, hypoxanthino, and glycine to the labeling medium re- 
verses the toxicity of MTX at least during the time required 
to attain optimal labeling (>16 h; Kaufman et ai., 1978). We 
have thus chosen to label cells with Fluo-MTX in F12 medium 
which contains 3 uU thymidine, 30 j*M hypozanthine, and 
100 fOA glycine. Under these conditions, less than \% of the 
cells labeled overnight with 20 m Fluo-MTX plus up to 20 
§iM MTX were dead, as determined by flow cytometry analysis 
of propidium iodide-labeled cells. 

Kaufman et aL (1978) have also shown that a relatively 
high concentration of Fluo-MTX is needed to saturate the 
enzyme present in. a highly amplified line. We have found 
that 20 Fh^MTX was sufficient to label CHO-C4065 
cells, which contain approximately 1,000 dihydrofolate reduc- 
tase gene copies (MUbrandtet ci^l981 ; Fig. 4C). Theintenaity 
. of fluorescence in CHOC4005 cells is approximately 600 times 
higher than in CHO-K1 cells, which is in good agreement 
with their respective dihydrofolate reductase gene copy num ; 
, bers (Fig. 4). The distribution of fluorescence in CHOC4005 
cells is broader than in CHO-Kl cells. The reason for this 
has not been investigated in detail, but might be related to a 
variability is : the dihydrofolate reductase gene copy number, , 
which has not been studied previously on a cell by cell basis 
in this mutant 

The , detection and quantitation of cells with low dihydro- 
folate reductase activity n .aires that the background fluores-, 
cence be minimized. This background results from both the 
autoftuorescence of the cells (i.e fluorescence in the absence 
of any fluorescein label) and the nonspecific retention of Fluo- 
MTX within or absorbed to the cells. In order to determine 
the background fluorescence, we have labeled the cells in 20 
fiU MTX in addition to Fluo-MTX (Fig. 4, D, E, and FK In 
the labeling conditions used in Fig. 4 (20 mm Fluo-MTX), the 
background fluorescence proved to be minimal relative to the 
signal for the highly amplified CHOC4005 cells (background 
S0.7% of the signal, Fig. 4, C and FV even though the 
competing MTX was present only at the same molarity as 
the Fluo-MTX. This observation confirms that MTX is more 
efficient than Fluo-MTX in binding dihydrofolate reductase 
in vivo. On the other hand, when cells with low levels of 
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Fig. 3. Inhibition of dihydrofolate reductase activity by MTX and Fluo-MTX. Dihydrofolate reductase . 
' onzyme (0.3-0.6 milltunits) was assayed «pectrophotometricaily according to "Material* and Methods* Increasing 
concentrations of MTX (O, *), □) or Fluo-MTX (A, ▲) were added in the assay cuvette and initial velocities were 
determined for sach ccncouti&tfou. O, A, CHO-Ki ceil extract; v, A. extract from pCDPd ceils (pcl>P-3 is a done 
of LXB11 DHFR" cells transformed to DHFR* by transfer of the plasmid pCDPl2, see Fig. 1); □, extract from. 
pSV2-6 cells (pSV2-6 is 6 clone of DG44 DHFR" cells transformed to DHFR* by transfer of the plasmid p8V2- 
DHFR (Lee etaL, 1981)). 
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vLOQ FLUORESCENCE INTENSITY 
- FIG. 4. Flow cytofluorometric analysis of ceDa labeled with Fluo-MTX. DXB-11 (0 dihydrofolate 
reductase gene/cell; A and D), CHO-K1 ( wild type, ~2 dihydrofolate reductase genes/cell; B and E), and€HOC4005 
(-1000 dihydrofolate reductase genes/cell; C and Milbrandt et oL t 1981) cells were labeled for 18 h at 37 *C with 
either 20 *y Fluo-MTX alone (A, B % and O or 20 m m Fluo-MTX and 20 jiifl MTX (D, E t and F)„ and analyzed 
according to "Materials and Methods." The amw shows the position of dn arbitrary reference chansvl corresponds 
ing therefore to 1 fluorescence unit (note the ctumge in the scale of panel Q. Numbers represent the value for the 
logarithmic mean of the fluorescence distribution in arbitrary unite. 
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dihydrofolate reductase (e.g. CHO-Kl or DG44) were labeled 
with 20 pM Fluo-MTX, the background was appreciable com- 

X, B, D, and £). Table I shows that for CHO-Kl cells, the 
specific signal does not increase between 1 and 20 j*M Fluo- 
MTX V although the background does. Since the background 
is almost indistinguishable from the autoiluorescence of die 
unlabeled cells when 1 pM Fluo-MTX is used, the maximum 
signal-to-noise ratio in cells expressing low amounts of dihy- 
drofolate reductase can be achieved by labeling cells at this 
concentration. 

The crude data obtained by flow cytometry (Le. total fluo- 
rescence per cell) cannot be directly compared to the dihydro- 
folate reductase specific enzyme activity which is expressed 
as a opecific activity (Le. dihydrofolate reductase activity per . 
nig of protein). In fact, Kaufman ei a!. (1978) have shown 
that Fluo-MTX fluorescence is only roughly proportional to 
dihydrofolate reductase activity among various dihydrofolate 
reductase amplified, cells. In a similar study on honamplified 
cells, we have observed the same scattering of exjperimentai 
point*, even in cells transformed with dihydrofolate reductase 
minigenes which provide a sampling of various low levels of 
dihydrofolate reductase expressed in the same cellular back- 
ground (Fig. 5B). We have therefore modified our software to 
normalize the total fluorescence per cell to the relative cell 
volume. Cell volume was calculated by using TAC as an 
estimate of cell diameter. The computer algorithm subtracts 
the logioMTAC)' x constant) from the logi 0 (total relative 
fluorescence) for each cell, and. generates a new normalized 
listmode data file. Normalized relative fluorescence per cell 
volume can be directly compared to the dihydrofolate reduc- 
tase specific activity as shown in Fig. 5A. 

The specific dihydrofoiaie reductase fluorescence ot UU44- 
derived transfonnants is proportional to their content of 
dihydrofolate reductase (Fig. 6A). The ratio of Fluo-MTX 
label to dihydrofolate reductase activity does not discriminate 
among DG44 transfonnants expressing the wild type dihydro- 
folate reductase (e\g. pSV2-DHFR) or the kinetically altered 
dihydrofolate reductase described above (encoded fay pCDP12 
and pPDC2)* !n these cells, dihydrofolate reductase levels as 
low as 20% of that in CHO-Kl cells can be detected by flow 
cytofiuorometry. It was surprising that DXB11 transformants 
show little, if any , signal in the FMF although they contain 
significant difiydrofolate reductase activity measured in ex- 
tracts. The unexpectedly low fluorescence' level of DXBll 
transfonnants may be related to impaired permeability of 
Fluo-MTX, since they, produce a dihydrofolate reductase en- 
zyme which is efficiently inhibited by Fhio-MTX in vitro (Fig. 
3). Other cells ie.g. FR3T3 and 208- F rat cells, Fig. bA) also 



Table I; ; 
Dependence of signal- to- noise ratio on Ftuo-MTX concentration > 



Concentration 
of 

Fluo-MTX 


Total signal 
(Fhio-MTX 
alone) 
(or 


Background* 
(Fluo-MTX 
+ MTX) 

itr 


Specific 
Rign*i 
(a -6) 


Signal-to-' ' 

noise 
-\ ratio 
(a-6/fc) 


I** 












' 1.0 s . 








1 


4.88 


1.26 


3.63 


2.9 


6 


6.06 


. 2.74 


3*32 


1.2 


20 c 


10.29 


. 6.33 


3.96 


. .0.6 



" (a) and (6) represent the logarithmic mean value of the flow 
cytometry distribution (see Fig. 4). 

* Background fluorescence was estimated after labeling cells in the 
presence of 20 fits MTX at the same time as Fhio-MTX (see "Mate- 
rials and Methods"). 

' Fluorescence values are given in arbitrary units. 



seemed to have aberrant ratios of dihydrofolate reductase 
activity to Fluo-MTX binding suggesting that they too may 
uu*v «ua wwiou fro*uMoaMiui>jr t*j a* iuu-ivi a a* i ue scattering ox 
the experimental points in Fig. 5A shows that the efficiency 
of the labeling of dihydrofolate reductase with Fluo-MTX 
varies among different cell lines. Although the specific Fluo- 
MTX labeling of dihydrofolate reductase in one species ap- 
pears coolant mouse cells or hamster cell transfonnants, 
Fig. BA), exceptions such as W7-TG cells indicate that this, 
observation cannot be generalized 

DISCUSSION 

In this communication, we describe a new procedure for 
preparing Fluo-MTX which should make it easily accessible 
to laboratories with little or no experience in organic chem- 
istry. High purity Fluo-MTX has been used successfully to 
label and quantitatively analyze by flow cytometry cells with 
low dihydrofolate reductase content (~20% of the dihydrofo- 
late reductase specific activity of CHO-Kl cells). V 

Comparison of Fluo-MTX labeling between different 
cells—even subclones of the same parental line— can be im- 
paired by the large variability of their volumes. We have 
therefore created a computer program which allows us to 
estimate the specific Fluo-MTX fluorescence per volume unit 
for each cell. We have used this new fluorescence parameter 
in a comparative survey of different cells commonly used in 
gene transfer experiments in many laboratories. This analysis 
reveals that Fluo-MTX labeling efficiency varies between 
cells. For example, Fisher rat cells are labeled less efficiently 
than mouse cells. Moreover, different cell lines of the same 
species also vary in Fluo-MTX. labeling efficiency. For ex- 
ample,, mouse W7-TG lymphocytes show a reduced Fluo- 
MTX uptake. However,, the close proportionality between 
fluorescence specific intensity and dihydrofolate reductase 
specific activity observed within a series of cells derived from 
the same parental line (DG44 transfonnants in Fig. 6 A) shows 
that flow cytometry is a valuable tool in the study of diLydro- 
foiate reductase gene abundance and expression .in cultured - 
cells irt vkro; ^ . - > > ' 

The major progress contributed by flow cytometry in the 
understanding of gene amplification in cultured cells (Kauf- : 
man et aL, .1978; Johnston et aL t 1983; Mariani and Schim Ve, 
1984) has led to the hope that flow cytometry could also be 
used for the analysis of clincally releyar : forms of methotrex- 
ate resistance. However, the variability of the efficiency of 
the Fluo-MTX labeling among different celb, added to the 
fact that resistance of cells to MTX. can frequently be achieved 
by means other than dihydrofoiate reductase gene amplifica- 
tion (Schimke, 1984), makes it unlikely that flow cytometry 
can be used with a high degree of certainty to detect the 
presence of drug resistant cells in tumors isolated from pa- 
tients. In addition, our observation that the Fluo-MTX. con- 
centration used for optimal flow cytometry does not enable 
discrimination between enzymes which display a 3-fold, dif- 
ference in their affinity for Fhio-MTX suggests that this 
technique may be relatively insensitive to important enzyme 
structural changes, some of which could impart clinical drug 
resistance; * . . * 

During the course of this work, we have observed that wild 
type cells, obtained after transformation of dihydrofolate re- 
ductase-defictent DXBll cells by dihydrofolate reductase 
minigenes, cannot be labeled significantly with Fhio-MTX. 
However, the enzyme level in these cells is comparable to that 
of wild type transformants obtained in DG44 cells with the 
same plaamids. DG44 transformants are easily stained by 
Fluo-MTX although less efficiently than CHO-Kl cells. This 
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Fxo. 6. Correlation between Fluo-MTX labeling of various oeU line* and their content of dihvdro- 
avww icuuvmbc eusyme. Ceiia vera iabeieri with i Kluo-MTX and analyzed by flow cytofluorometry 
according to "Materials and Methods." Relative cell volumes were calculated on the basis of the light scatter 
parameter. Parallel cultures were harvested the same day and cell extracts were prepared and dihydrofolate 
reductase activity was determined (see "Materials and Methods"). Hamster cells: A, GH0-K1 cells; V, DG44 (see 
"Materials and Methods"); DG44 transformed by p3V2-DHFR (Lee et at, 1981); DG44 transformed by pPP- 
DHFR-2 (Fig. 1); DG44 transformed by pPDC-2 or pCDP-12 (Fig. 1); <, DXB-11 transformed by pCDP-12 
(Fig. 1); <, DXB-11 transformed by pDP-r(Fig. 1). Mouse "ells: O, *2 NIH-3T8 fibroblasts (Mann et aL t 1983); 
9 V 3TS fibroblasts (Tcdaro and Green, 1963); 9, S180 fibroblasts (Foley et aL; 1980); 6, BW5147 lymphocytes 
(Hyman and Stalling*, 1974); O, W7-TG lymphocytes (Bourgeois and Newby, 1977). Fisher rat cells: S, FR3T3 
(Self and Cusin, 1977); Q, 203-F (Quads, 1979). Other cells: O, CCL64 mink cells (Henderson eLaL, 1974); 
PA101 chicken myoblasts (Montana* and Fizmsn, 1983); O, COS monkey cells (Glusnian, 1981); CEM human 
lymphocytes (Foley et at, 1965). The dashed, dotted, and continuous tine* correspond to the least square regressions . 
of rat cells, mouse cells .(with the exception of W7-TG), and DG44 tfonsfornunts, respectively . Hie ordinate in 
panel A is the difference between the means of the specific fluorescence per cell volume in cells labeled with Fluo- 
MTX alone and in cells labeled with Fluo-MTX plus free MIX In panel B t it is the difference between the means 
of total fluorescence without correction for cell volume in cells labeled with Fluo-MTX alone and in cells labeled 
with Fluo-MTX puis MTX. . ■ > .■ . ; 



result indicates that DXB11 cells, which have been obtained 
after intensive mutagenesis, carry an additional mutation 
which impairs transport of Fluo-MTX. Uptake of free MTX 
in these cells may be normal, as it has been shown that MTX 

J and Fluo-MTX enter the cells via different routes (Henderson 
et ai., 1980). Our observation is relevant to studies on expres- 
sion of donated dihydrofolate reductase genes since the most' 
commonly used recipient cell line is, in fact, DXBll. 
Most of the studies on transient expression have been 

. performed on genes encoding an enzyme which can be assayed 
in vitro (&£. chloramphenicol ecetyltransferase). In such 
cases, the level of expression is averaged for the total call 
population although only a traction of the cells in the popu- 
lation expresses the donated gene. Moreover, it is a common 
observation that the efficiency of transformation varies be- 
tween experiments and between different transformations in 
the same experiment Flow cytometry which analyzes a fluo- 



rescent signal on a cell by cell basis and gives at the same:, 
time the signal intensities of the different subpopuiations, 
could prove to be a valuable method for the rapid and sensitive 
determination of factors eifecting gene expression. 
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Multidrug-resistant (MDR) cells are 
characterized by a defect in drug accu- 
mulation caused by activity of an energy- 
dependent rapid drug efflux pump. The 
action of this drug pump can be inhibited 
by specific agents, referred to as mem- 
brane transport modulating agents 
(MTMAs), resulting in a restoration of the 
intracellular drug accumulation. This pa- 
per presents a flow cytometric assay for 
the detection of MDR cells, which is 
based on the ability of these cells to re- 
spond to MTMAs. Daunorubicin net-up- 
take kinetics were measured of anthracy- 
cline-sensitive (A2780/S) and -resistant 
(A2780/R) human ovarian carcinoma 
cells in vitro. A2780/R cells accumulated 
significantly less (about a factor of 5) 
daunorubicin as compared to A2780/S 
cells. Addition of verapamil or cyclospor- 



in A to A2780/R cells at steady-state dau- 
norubicin uptake led to a dose-depen- 
dent increase in cellular daunorubicin 
accumulation. The sensitivity of the as- 
say was determined by testing mixtures 
of A2780/S and A2780/R cells. Analysis of 
A2780/S cells contaminated with A2780/R 
cells showed that as few as 2.5% MDR 
cells could readily be detected in the mix- 
ture. In conclusion, this functional assay 
enables the detection of MDR cells in a 
heterogeneous cell suspension and is ide- 
ally suited for the study of the occurrence 
of typical MDR in human cancer. 



Key terms: Multidrug resistance, MDR, 
flow cytometry, FCM, anthracyclines, ki- 
netics of uptake, P-170 glycoprotein, dau- 
norubicin 



Mammalian cell lines that have been selected in vi- 
tro for resistance to cytotoxic drugs such as the Vinca 
alkaloids or the anthracycline antibiotics display the 
so-called multidrug-resistant (MDR) phenotype. Sev- 
eral different MDR phenotypes have been described, 
which can be divided into two categories: typical (clas- 
sical) MDR and atypical (variant) MDR (see ref. 2 for a 
review). Typical MDR is a rather well-defined pheno- 
type that is characterized by a crossresistance to other 
structurally unrelated anticancer drugs and a de- 
creased drug accumulation because of enhanced drug 
efflux. The molecular basis of typical MDR is an ex- 
pression of a membrane-bound 170 kD glycoprotein, 
P-170 (8,16,20). P-170 functions as a drug efflux pump 
(7), and overexpression of P-170 leads to an increased 
drug extrusion, effectively lowering the intracellular 
drug concentration. By exposure to a variety of sub- 
stances, such as calcium channel blockers and calmo- 
dulin antagonists, intracellular drug accumulation is 
increased, and drug sensitivity is restored (5,19). The 
current hypothesis about reversing MDR for some of 
these agents (e.g., verapamil) is that they have an af- 



finity for P-170 and thus can compete for outward 
transport and thereby restore the cellular cytotoxic 
drug accumulation. For that reason the MDR- 
reversing agents are here referred to as membrane 
transport-modulating agents— MTMAs. 

There is accumulating evidence that MDR can also 
occur in human cancer (1,4,6). This is potentially of 
therapeutic importance, since MTMAs have been found 
to overcome MDR in in vivo model systems (17). There- 
fore, it is of great importance to determine the occur- 
rence of MDR in human cancer. Thus, accurate, sensi- 
tive, and rapid assays for the detection of MDR cells are 
highly desirable. In this paper the development of a 
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flow cytometric assay for the detection of MDR cells in 
heterogeneous cell populations is reported. The assay is 
based on the unique feature of typical MDR cells to 
increase drug accumulation upon the addition of 
MTMAs. 

MATERIALS AND METHODS 
Cells 

The human ovarian carcinoma cell line A2780 (3), 
and its 100-times anthracycline-resistant mutant 
2780AD (10) were used. Both cell lines were kindly 
supplied by Drs. R.F. Ozols and T.C. Hamilton (Na- 
tional Cancer Institute, Bethesda, MD). The anthracy- 
cline-sensitive A2780 cells and the anthracycline-resis- 
tant 2780AD cells are referred to by us as A2780/S and 
A2780/R, respectively. Cells were grown in plastic 
flasks in RPMI 1640 (Gibco, Paisley, Scotland), supple- 
mented with 10% (v/v) fetal calf serum (Sera-Lab Sus- 
sex, England) at 37°C in a humidified atmosphere of 
5% C0 2 in air. The A2780/R cells were continuously 
challenged with 2 jxM daunorubicin. Prior to flow cy- 
tometric analysis, the A2780/R cells were cultured in 
drug-free medium for 48 hours. Cells were harvested 
washed twice with HEPES-buffered Hanks' balanced 
salt solution (HHBSS, pH 7.4), and resuspended in 
HHBSS to a final concentration of 2 x 10 5 cells/ml. 
A2780/R cells showed amplification of the MDR gene 
and overexpression of MDR mRNA and P-170 glyco- 
protein (ref. 10; and own observations). 



On-Line Flow Cytometry 

The RELACS-III flow cytometer was modified to al- 
low for real-time measurements of the cellular dauno- 
rubicin uptake. An extensive description of our on-line 
flow cytometric technique is given in reference 11 (it is 
very well possible to perform the measurements of net- 
uptake kinetics as described in this paper with other 
commercially available systems). The cells were kept 
at 37°C in a reaction vessel (Falcon 2025 tubes, Becton 
Dickinson Labware, Lincoln Park, NJ), which is sur- 
rounded by a thermostated water jacket. The vessel is 
connected to the flow cuvette of the RELACS-III. By 
means of air pressure the medium containing the cells 
is forced through the flow cuvette. An extra inlet in the 
reaction vessel allows for the addition of drug, while 
monitoring the daunorubicin content of the cells 
(11,12). The method makes use of the fluorescent prop- 
erties of the anthracyclines. The excitation laser (Co- 
herent Innova 90-5, Palo Alto, CA) is tuned to emit 0.6 
W of 488 nm light. This wavelength is close to the 
absorption maximum of daunorubicin. The cells were 
analyzed at a rate of 500-1,000 cells per second. Per 
cell, four signals were digitized and stored as data list 
in a computer (21). The measured parameters were for- 
ward and perpendicular light scatter, forward light 
scatter pulse width, and daunorubicin fluorescence. 
The scattering parameters were used to gate out de- 
bris, dead cells, and cell clumps. Scattering light was 



filtered through 488 nm band pass filters (Melles C w 
Irvine, CA) and linearly amplified. Daunorubicin 
orescence was filtered through a 550 nm lone Da Jii" 
ter (Schott, Mainz, FRG), and logarithmically alp 
fied. On predetermined times the data of 2 000 c n 
were stored. It was possible to take one sample ner o 
seconds. In addition to the normal pulse height procel 
ing electronics the system contains a timer that is t^Ta 
periodically (10 times per second) (21). The time mark! 
are placed in between the list mode data and can there! 
fore be used to construct accurate kinetic curves Th 
means and standard error of the daunorubicin f lucre* 
cence intensity of specific cell populations, as charac 
terized by scattering parameters, can be computed af 
terward and plotted versus the sampling time thus" 
creating net-uptake curves. In these calculations tZ 
logarithmically measured fluorescence intensity is re . 
calculated to the linear value. The flow cytometer was 
aligned with fluorescent beads (Polysciences, Warring 
ton, PA), and the photomultiplier voltage was adjusted 
to have the modal fluorescence always in the same 
channel, thus enabling measurements on different 
days to be compared with each other. 

Quantification of Daunorubicin by HPLC 

Intracellular daunorubicin and daunorubicinol con 
centrations were determined by high-performance liq. 
uid chromatography (HPLC) as described previously 
(13). Experiments were carried out in quadruplicate. 

Chemicals 

Daunorubicin (Cerubidin®) was obtained from 
Rhone-Poulenc, Paris. Verapamil (Isoptin®) and cyclo- 
sporin A (Sandimmune®) were purchased from Knoll 
Ludwigshafen, FRG and Sandoz, Basel, Switzerland' 
respectively. 

RESULTS 
On-Line Flow Cytometry 

With a flow cytometer, the in vitro uptake of an- 
thracyclines by cells can be measured (9,12,14,15,18). 
The on-line flow cytometric technique described in'this 
paper allows for the determination of the kinetics of 
net-uptake of anthracyclines by cells. The first data 
point in these kinetic measurements is taken before 
addition of daunorubicin to the sample. After storing of 
these data, daunorubicin is added to the sample tube. 
The time intervals between the data points are set up 
logarithmically, resulting in many data points shortly 
after addition of the drug, enabling accurate construc- 
tion of uptake curves. Figure 1 shows the kinetics of 
daunorubicin uptake by A2780/S and A2780/R cells as 
measured with on-line flow cytometry. Uptake mea- 
surements were performed over a time period of 90 
minutes. Steady-state kinetics were reached after ap- 
proximately 60 and 30 minutes for sensitive A2780/S 
and resistant A2780/R cells, respectively. Sensitive 
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Fig. 1. Daunorubicin fluorescence intensity (in arbitrary units, 
a.u.) of A2780/S and A2780/R cells vs. the drug exposure time. At time 
= 0, daunorubicin (2 jjlM) was added to the cells, which were incu- 
bated at 37°C. After 30 minutes, verapamil was added to the A2780/R 



cells. Daunorubicin net-uptake was measured for another 60 minutes. 
Several samples were measured, to which different concentrations of 
verapamil were added. After 60 minutes, HHBSS was added as con- 
trol to the A2780/S cells. 



A2780/S cells reached a steady-state level of approxi- 
mately five times the level of resistant A2780/R cells. 

Addition of the MTMA verapamil to samples of 
A2780/R cells incubated with daunorubicin for 30 min- 
utes resulted in a dose-dependent increase in the intra- 
cellular daunorubicin concentration over a time period 
of 60 minutes (Fig. 1). The same type of modulation 
was observed after addition of another MTMA: cyclo- 
sporin A (Fig. 2). Full restoration of daunorubicin up- 
take could not be obtained by addition of either modu- 
lator, even after addition of 100 u-M verapamil (Fig. 1) 
or 10 |xM cyclosporin A (Fig. 2). Addition of MTMAs to 
the sensitive A2780/S cells did not result in changes in 
the daunorubicin accumulation. 

Quantification of Daunorubicin by HPLC 

To prove that the measured increases in cellular dau- 
norubicin fluorescence, as induced by verapamil or cy- 
closporin A, reflect true increases in daunorubicin ac- 
cumulation, the intracellular drug concentrations have 
also been determined by HPLC (13). A2780/S and 
A2780/R cells were incubated with 2 jxM daunorubicin 
for 60 minutes at 37°C. Thereafter MTMAs were added 
to the cell samples, and the incubations were continued 
for another 60 minutes. The cells were spun down, and 
the intracellular daunorubicin concentrations were de- 
termined. The results are shown in Table 1. The drug 
concentrations in the sensitive A2780/S cells were 
about fivefold higher than in the resistant A2780/R 
cells. Both verapamil and cyclosporin A reversed the 
MDR phenotype of the A2780/R cells, resulting in in- 
creased intracellular drug concentrations, which corre- 
sponded with simultaneous flow cytometric determina- 
tions. No effect of MTMA addition to A2780/S cells was 



measured. In the A2780/S cells as well as in the A2780/ 
R cells no metabolites of daunorubicin were detected by 
HPLC. 

Sensitivity of the On-Line Flow Cytometric 
MDR Assay 

To obtain an indication of the sensitivity of the on- 
line flow cytometric assay for the detection of MDR 
cells, mixing experiments were performed. Sensitive 
A2780/S and resistant A2780/R cells were mixed in 
different ratios, and subsequently the daunorubicin up- 
take kinetics and modulation by cyclosporin A were 
measured. Plotting of the fluorescence histograms 
measured at several time points after addition of dau- 
norubicin allowed for the detection of small subpopu- 
lations of MDR cells. Figure 3 A shows the histograms 
of the daunorubicin uptake of a 1:1 mix of sensitive and 
resistant A2780 cells over a time period of 60 minutes. 
The increase in fluorescence of both cell types can be 
seen, as well as the differences between sensitive and 
resistant cells. The effects of the addition of 10 uM 
cyclosporin A are shown in Figure 3B. The sensitive 
cells retained the same fluorescence level, while the 
resistant cells started accumulating daunorubicin 
again. After about 60 minutes, the peaks of the sensi- 
tive and resistant cells merged on these histograms 
with logarithmic scale. The effects of cyclosporin A ad- 
dition to samples of A2780/S cells containing 10% and 
2.5% A2780/R cells are shown in Figure 3C and 3D, 
respectively. 

DISCUSSION 

The data presented in this paper show that on-line 
flow cytometry allows for the measurement of drug 
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Table 1 

Intracellular Daunorubicin Concentrations in A2780/S and A2780/R Cells, as Determined 



Incubation with (u.M) a 




Daunorubicin concentration 11 


Daunorubicin Verapamil 


Cyclosporin A 


A2780/S A2780/R 


2 

2 100 
2 _ 

a A cinnn n /s\ a - 


10 


533 ± 100 108 ± 13 
531 ± 58 252 ± 18 
604 ± 71 297 ± 21 



or+I ; ? TV WB T rarea ai 'or bu minutes with daunorubicin. There- 

fin^ 1 w/ am i ' ^f/ 08 ? 0 ™ A ' or medium was added, and the cells were incubated for another 
Stemmld'^mlc SPUn intracellular daunorubicin concentrations were 

Expressed as |xg ± SD per 10 9 cells. 



uptake kinetics, starting from the time of addition of 
the drug up to a few hours thereafter, using only one 
sample. Because of the frequent sampling of data 
points, accurate net-uptake curves are obtained. With 
this assay, the effects of the addition of MTMAs can be 
followed satisfactorily. The increased intracellular 
daunorubicin concentrations in A2780/R cells, induced 
by addition of verapamil or cyclosporin A, as estimated 
by flow cytometry, could be confirmed by HPLC. 

The assay described here for the detection of multi- 
drug-resistant cells has the advantage over biochemi- 
cal methods in that it is a functional assay of P-170 
glycoprotein activity: only cells that can respond to 
MTMA's are scored as MDR cells. This is especially of 
importance when patient treatment is being considered 
with drugs that can potentially overcome MDR. It is 
obvious that it only makes sense to treat those drug- 
resistant cancer patients whose tumor cells do react to 
MTMAs in vitro. Another advantage of this on-line 
flow cytometric assay is that it allows for an estimation 
of the size of MDR cell clones in heterogeneous popu- 
lations. Even the presence of a very small number of 



drug-resistant A2780/R cells (as low as 2.5%) could be 
detected within a population of drug-sensitive A2780/S 
cells. The assay allows for the detection of small in- 
creases in daunorubicin accumulation of about 10%, as 
was measured for the resistant A2780/R cells upon the * 
addition of low concentrations of MTMAs. Therefore, it 
seems likely that this assay is also suited for the de- 
tection of lowly resistant cells, as might be the case in 
human tumor cell populations. 

For the human ovarian carcinoma A2780/R cells, cy- 
closporin A appeared to be far more effective, on a mo- 
lar basis, in restoring daunorubicin accumulation than 
verapamil. In a previous study (12), using the mouse 
P388 MDR cell line, cyclosporin A and verapamil were 
equally effective in that respect. Whether these differ- 
ences reflect species differences remains to be investi- 
gated further. 

In conclusion, on-line flow cytometry is a promising 
method for the study of the occurrence of multidrug* 
resistant cells in human cancer, and it allows for reli- 
able in vitro evaluation of combination therapy of an- 
thracycline drugs and MTMAs. 
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Fig. 3. Histograms of daunorubicn fluorescence intensity (loga- 
rithmic scale) of mixtures of A2780/S and A27807R cells measured at 
several drug exposure times, plotted in front of each other. A: 1:1 
mixture of sensitive and resistant cells. At time = 0, daunorubicin (2 
\iM) was added to the cells, which were incubated at 37°C. Daunoru- 
bicin accumulation was measured for 60 minutes. B: 1:1 mixture of 
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sensitive and resistant cells. Cells were incubated with daunorubicin 
(2 ilM) at 37°C for 60 minutes, prior to addition of 10 yM cyclosporin 
A at time = 0. Daunorubicin accumulation was measured for another 
60 minutes. C: Same as B, with a 9:1 mixture of sensitive and resis- 
tant cells. D: Same as B, with a 24:1 mixture of sensitive and resistant 
cells. 
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Abstract— We have isolated a new human head and neck carcinoma cell line (C-10E) that is highly 
resistant to BLM (40-fold) when compared to the parental (A-253) cell line. Consonant with BLM 
resistance in the C-10E cell line, we found that this cell line accumulated 2- to 3-fold less BLM A 2 than 
A-253 cells. Kinetic analyses of BLM A 2 association revealed a decreased V m for C-10E cells with little 
change in K,. Furthermore, the BLM-resistant cell line (C-10E) metabolized BLM A 2 to a greater extent 
than its sensitive counterpart (A-253). Thus, compared to A-253 cells, the C-10E cells exhibited both 
decreased cellular association and increased metabolism of BLM. Synergistic cytotoxicity was seen when 
BLM was combined with either E-64 or leupeptin, cysteine proteinase inhibitors known to block BLM 
metabolism in vitro. E-64 inhibited the metabolism of BLM A 2 in both C-10E and A-253 cells, and 
cellular accumulation of radiolabeled BLM A 2 was increased by leupeptin or E-64 in only A-253 cells. 
These results suggest that both inhibition of drug metabolism and increased drug accumulation contribute 
to this synergism. 



The bleomycins (BLMt) are a family of related 
glycopeptide antibiotics derived from Streptomyces 
verticilius [1] and used therapeutically against many 
solid tumors, including squamous cell carcinoma and 
malignant lymphoma [2] . The bleomycins are unusual 
?mong the cytotoxic anticancer drugs in that they 
exhibit very little myelosuppressive or immuno- 
suppressive activity; this has led to their popularity, 
particularly for use in combination with other 
antineoplastic agents [3]. Unfortunately, one of the 
major obstacles to chemotherapy has been drug 
resistance [4]. In an effort to elucidate mechanisms 
underlying cellular resistance, several cultured cell 
lines with Inw levels of BLM resistance have been 
isolated and these have exhibited either decreased 
drug association, decreased DNA breakage, or; 
increased drug inactivation [5-7], With regard to 
metabolic inactivation, it has been suggested that 
cells may become resistant to BLM through changes 
in BLM hydrolase (BH) activity, an enzyme 
that converts BLM to the inactive metabolite, 
deamidobleomycin (dBLM; [7-10]). 
Recently, BH was identified as a member of the 



* To whom requests for reprints should be addressed at: 
E-1346 Biomedical Science Tower, Department of 
Pharmacology, University of Pittsburgh, School of 
Medicine, Pittsburgh, PA 15261. 

t Abbreviations: BH, bleomycin hydrolase; BLM, 
bleomycin; dBLM A 2 , deamidobleomycin A 2 ; DMSO, 
dimethyl sulfoxide; E-64, 1-transepoxysuccinylleucyl- 
amido(4-guanidino)butane; FBS, fetal bovine serum; ic so , 
concentration of drug which inhibits cell growth to 50% of 
control; K,, association constant; MTT, 3-(4,5-dimethyl- 
thiazol-2-yl)-2^-diphenyltetrazolium bromide; PBS, phos- 
phate-buffered saline; Tris, tris-hydroxymethylamino- 
methane; and V^, maximal velocity. 



cysteine proteinase family [10]; Cysteine proteinases 
have been implicated in several important cellular- 
processes including proliferation, cellular migration, 
polarization and transformation [11-13], With the. 
advent 62 highly specific cysteine proteinase 
inhibitors, it is now feasible to examine directly the 
effects of enzyme inhibition on BLM metabolism. 

E-64 contains an epoxide moiety and inactivates 
cysteine proteinase irreversibly [14], while leupeptin 
is a reversible inhibitor of cysteine proteinase [15]. 
Because of the potential role of [BH hvIJLM 
resistance, interactions between BLM and inhibitors, 
of this enzyme activity are of interest. We have 
demonstrated recently that E-64 potentiates the 
antitumor activity of BLM in human BuririttV 
lyphbma xenografts in nude mice by inhabiting BLM 
metabolism in vivo [16], Nishimura et al. [17] 
reported that E-64 increases the cytotoxic action of 
peplomycin, a BLM analog, in cultured Chinese 
hamster lung cells, concomitant with increasing the 
fraction of unmetabolized drug. It is assumed that 
inhibition of drug metabolism elevated cellular BLM 
content. The same laboratory found that either 
leupeptin or E-64 was effective in prolonging the 
life span of mice bearing Ehrlich ascites carcinoma 
cells treated with peplomycin [18]. Because BLM- 
resistant human tumor cells may have . altered BLM 
metabolism, we have examined the nature of the 
interaction between cysteine:.proteinase. inhibitors 
and BLM using a newly characterized, highly BLM- 
resistant. human head and neck squamous cell 
carcinoma. 

MATERIALS AND METHODS 

Cells and reagents. A-253 human head and neck 
epidennoid carcinoma cells were obtained from the 
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American Type Culture Collection (RockviUe, MD) 
and were grown in McCoy's Medium (Gibco, Grand 
Island, NY) supplemented with 10% fetal bovine 
serum (HyClone, Logan, UT) as pre«ously 
described [19]. Cells were maintained at 37° u i a 
humidifed incubator with a 95% air, 5% C0 2 
atmosphere. The C-10E (BLM-resistant) cell line 
was derived from C-10 cells [19] by stepwise mcrease 
in BLM concentration added to the cultures. This 
process required 24 months, at which tune cell 
proliferation was unaffected by continuous cultunng 
It cells in 70ng/mL (50 nM) of BLM E-64 
leupeptin, MTT and DMSO were obtained from the 
^Chemical Co. (St. Louis MO). Vimwtoe 
sulfate was a gift from Eli Lilly (Indianapolis, IN). 
Bleomycin A 2 was purified from BLM ^(Blenoxane; • 
BristoKMye" Squibb^Co.; Wafongford. CT) jk 
described IwiWp|.1*«f«gWg5^2 
(sp. act. 78.4 Ci/mmol) was purchased ifrom DuPont 
NEN Research Products (Boston, MA). 

Growth inhibition studies. The effects of ^gents 
on cellular proliferation were determined using the 
previously described MTT microculture assay [19]. 
Briefly, exponentially growing cells were nnsedwth 
PBS and harvested by treatment with trypsin 
(0.125%, w/v) and centrifugation at 200 g : for 2111m. 
The ceU peUet was resuspended in McCoys morhfied 
medium with 10% fetal bovine serum (1*S). Cells 
were counted with a hemacytometer and seeded at 
a density of 2000 per well in 100 /iL volume into 96- 
well microliter plates (Costar,; Cambridge, .MA) 
using a multi-channel pipet. After 3 hr, drugs 
(100 uL) w«e added in serial dilutions to the v/ells 
Drug ratios were chosen to approximate equitoxic ; 
concentrationsof antineoplastic agent and proteinase 
inhibitor. After 4 days of growth in the presence or 
absence of dnig(s), the medium was replaced I with 
100 uL of MTT (Img/mL) in McCoy ^ modified 
medium with 10% FBS. The tetrazolium/fonnazan 
ieaction was allowed to proceed for 3 hr at 37", atter 
which time the solution containing the unrpacted 
MTT was removed and replaced with 100 mL.DMMJ.; 
After 5 hub of shaking to selaeffize all dye, tte 
absorbance at wavelength 540 nm wis deterrruned 
spectrophotometrically (Titertek Mutekan; Flow 
Laboratories, McClean. VA). To evaluate possible 
drug interactions, isobolograms were generated for 
each drug combination 1 using the 
software package obtained from Elseyier-BIOSOFT 
(Cambridge, U.K.; [21]). Each isobole point was 
obtamedbyfaterpolanonfromaseparate experiment 

designed to determine the COTcentratioiwesponse 
for each drug separately and for the - drug. 

combination. " . ■ xtt~+' 

Cellular drug association studies. The effect 
of proteinase inhibitor pretreatment on Cellular 
association of [ J H]BLM A 2 was; determined by 
previously described methods [19]. Exponentially 
growing A-253 cells were preincubated 1 at 37° with 
E-64 (2 mM) or leupeptin (2 mM) for 72 hr pnor to 
exposure to luM [ 3 H]BLM A 2 for various tune 
intervals to ensure complete enzyme inhibition. 
Drug incubation was tenninated by pipetttog 100 fiL 
of cell suspension into 10 mL of ice-cold PBS, 
followed by centrifugation at 12,000g for 30sec. 
The resulting cell peUet was resuspended and 



centrifugid through an oil-aqueous layer as pre- 
viously described [19]. For kinetic analyses, cells 
were incubated with radiolabeled BLM A 2 for 30 sec; 
the concentration of BLM A 2 was varied from 3.33 
tolOOjiM, and the amount of radioactivity associated 
with the cellular fraction was calculated for each 
drug concentration. Binding studies were performed 
at 4° in the same ..lanner .as the drug association 

studies. . ... 

Metabolism studies. Exponentially growing Ar253 
and C-10E cells were preincubated with or without 
E-64 (2 mM) for 72 hr. After preincubation, control 
an J E-64-pretreated cells were treated with 1 uM 
[ J H]BLM A 2 (0.50 /iCi/mL; sp. act. 78.4 Ci/mmql) 
and further incubated for 1 or hr. The radioactive 
medium was removed and the cells , were , washed 
twice with 10 mL of ice-cold PBS. Cells were then 



harvested by treatment with PBS containing trypsin 
(0.05%, w/v) and EDTA (2mM) and centrifuged 
at 200 g. Cell pellets were washed once with 5 mL 
of ice-cold PBS and homogenized in lmL of 
20 mM ice-cold Tris-HCl (pH 6.5). Proteins were 
precipitated with 6M ice-cold trichloroacetic acid. 
After addition of an equal volume of 0.5. M tri-n-. 
octylamine in 1,1,2-trichlorotrifluoroethane to the 
supernatant fraction, the aqueous phase was filtered 
through a 0.2 ^m ACRO filter, concentrated, and 
subjected to reverse phase ion-pair HPLC analysis 
as described earlier [20]. 

RESULTS 

Resiswnt cell line. To address the problem of drug 
resistance at the cellular level, we developed a 
human cell line with a higher degree of resistance 
than previously reported [6, 7, 19, 22]. The C-10E. 
cell line was generated from the previously described 
4-fold BLM-resistant C-10 cell line (Materials and , 
Methods), which was derived from the parental (A- 
253) cell line by mutagenesis and subsequent stepwise 
increase in BLM exposure [19]. The. CrlOE line 
displayed a 40-fold resistance when compared to A- 
253 cells over a wideiange of BLM A2 concentrations 
(Fig. 1). Table 1 summarizes the relative sensitivities 





100 -. 


i 


80- 










60- 


CO 




NT 


40- 


UJ 








8 

UJ 


20- 


CL 






0- 



A-253 



C-10E 




.1 . . - 



log (BLM A a) M 

Fig 1. Concentration-response of A-253 and C-10E cells 
to BLM. Cells were seeded in 96-well plates at a 
density of 2000 cells/well in 200 pL of McCoy's medium 
supplemented with 10% FBS. BLM was added after 2 hr 
and after 4 days the cell number was determined 
srjectrophotoroethcally (540 nm) with MTT as described in 
Materials and Methods. Each point is the average of at 
least 24 determinations. 



Cysteine proteinase inhibitors and bleomycin 



1561 



Table 1. Drug sensitivities of A-253 and C-10E cells 





ic J0 (nM) 










Resistance 


Drugs 


A-253 


C-10E 


index 


Bleomycin 


11 ±0.5 


440 ±49 


40* 


Doxorubicin 


214 ±4 


194 ±4 


0.91 


Cisplatin 


1190 ±79 


460 ±9 


0.39t 


Vincristine 


13 ± 0.5 


15 ±0.5 


1.15 



Cells were exposed to drugs for 4 days and growth 
inhibition was determined spectre photometrically as 
described in Materials and Methods. The resistance index 
was calculated as the ratio of ic so for C- 10E cells compared 
to the.ic so for A-253 cells for each drug. Values are 
, means ± SEM, N = 16 or more individual determinations, 
•t Significant differences between A-253 and C-10E 
cells as determined by Student's /-test: * P< 0.001, and 
t P < 0.05. 



of these two cell lines to a variety of anticancer 
drugs. Although C-10E cells were 40-fold resistant 
to BLM A 2 , there was no cross-resistance to the 
structurally dissimilar antitumor drugs tested. C-10E 
cells also displayed some collateral sensitivity (2.6- 
fold) to cisplatin. Furthermore, the BLM-resistant 
phenotype was stable for 2 months in the absence 
of chronic BLM exposure after which time the cell 
line tegan to regain sensitivity to BLM (data not 
shown). The volume of both cells as measured using 
an electronic counter was similar for both cell lines 
(12-16 jum 3 ). 

Cellular association of [ 3 H\BLM A v To evaluate 
one >c*sible mechanism of resistance to BLM, we 
first investigated the importance of cellular drug 
association to the resistant phenotype. C-10E cells 
exhibited markedly less cellular association of BLM 
A^ when compared to the sensitive A-253 cell line . 
(Fig. 2A). After lOmin, the level of BLM A 2 
associated with A-253 cells was nearly double that 
associated with.C-lOE-cells; this difference increased 
so that at 30min, when association plateaued for 
both cell lines, A-253 cells had nearly 3-fold more 
radioactivity than C-10E cells. A kinetic analysis of 
the initial cellular association (Fig. 2B and inset) 
revealed a higher for A-253 cells (183 pmol/Hr 
cells/min) than for C-10E cells (105 pmol/10 7 cells/ 
min) with no change in K a (75.0 vs 74.6 jiM). At a 
concentration of 20 pM BLM A 2 there was a 50% 
blockade of association with 100-fold excess cold 
BLM A 2 (data not shown). 

Binding of [ 3 H]BLM A 2 at 4° (Fig. 2C) also . 
revealed a pattern similar to cellular association 
(Fig. 2A). Binding was rapid, with maximal cellular 
levels occurring within 20 min. The absolute values 
for binding were lower (approximately 0.5 to 0.25) 
than for cellular association of drug, and A-253 cells 
bound over 3-fold more [ 3 H]BLM A 2 than C-10E 
cells. -. • . ■ * 
/ Cellular metabolism of [ 3 H]BLM >t 2 . We next 
determined the intracellular metabolism of BLM in 
sensitive and resistant phenotypes. Figure 3 shows 
the HPLC profiles of [ 3 H]BLM A 2 and its metabolites 
in intact A-253 and C-10E cells after various times 
of exposure to IjtM [ 3 H]BLM A 2 . After a 1-hr 
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Fig. 2. (A) Cellular association of [-H]BLM A 2 in A-253 
and C-10E cells. Ceils were exposed to 1 jiM [ 5 H]BLM A 2 
for various time intervals as described in Materials and 
Methods. Each point is , the average of triplicate 
determinations. (B) Double-reciprocal plot of [ 3 HJBLM 
A 2 association in A-253 ys C-10E cells. For kinetic analyses, 
a single time of incubation with radiolabel of 30 sec was 
selected. The concentration of BLM A 2 ranged from 3.33 
to 333.3 fiM, and the assay for cellular association was 
performed as described in Materials and Methods. The 
equation for the best-fit line through the double-reciprocal 
graph (inset) was used to determine the t^and K fl values 
for cellular drug association. The data are representative 
of two experiments. (C) Binding of pHJBLM A : in A-253 
and C-10E cells. After ceils were harvested, McCoys 
medium chilled to 4°. containing radioactive 1 uM ['H]BLM 
A 2 was, added. At various time intervals aliquots were 
removed, washed with ice-cold PBS, suspended in medium 
chilled to 4° and centrifuged at 9000 g in a microcentrifuge 
tube containing , perchloric acid/silicone oil/mineral oil 
mixture. Each point is the average of six- determinations; 
the SEM is included within the symbols unless noted by 
bars. 
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incubation, there was little metabolism of drug by 
either cell line (Fig. 3, A and D). The only prominent 
peak seen other than BLM A 2 was found in the void 
volume (fractions 3-8) and was present in all samples 
at approximately the same percentage. After a 4-hr 
incubation with [ 3 H]BLM A 2 , two additional peaks ' 
(fractions 9-11 and 36-45) were seen in ^53 cells ; 
(Fig. 3B); the majority of the retained radioactivity, 
however, remained in the unmetabolized BLM A 2 
peak. In contrast, exposure of O10E cells to . 
[ 3 H]BLM A 2 for 4hr resulted in more extensive 
metabolism and the majority of the radioactivity was * 
in fractions 36-45, with a smaller peak corresponding 
to unmetabolized BLM A 2 (Fig. 3E). Based on the 
elution positions of authentic standards, dBLM A 2 
(fractions 23-25), the only BLM A 2 metabolite that 
has been characterized, was not detected in either 
A-253 or O10E cells. The chemical nature of these 
putative metabolites is not yet known due to small 
amounts that are available. It is interesting to note, 
however, that similar metabolites were suggested; 
previously in non-malignant tissues in vivo {20], 
although they are much better resolved with our 
current HPLC methods. Our preliminary data, 
indicate these metabolites are not able to degrade 
DNA[16]. . t 

Drug interaction studies. Because BLM is thought . 
to be inactivated by a cysteine proteinase, BH, we 
next examined cell survival in the presence of both 
BLM and inhibitors of cysteine proteinases.* 



Incubation of A-253 cells with concentrations of E- 
64 (2mM) that alone failed to inhibit A-253 cell 
proliferation markedly increased the cytotoxicity of 
BLM (ic 50 = 88nM in the absence of E-64; ic 50 = 
44 nM in the presence of E : 64). t Thus, we 
formally examined whether E-64 or leupeptin could 
synergistically interact with BLM, Using drug 
concentration ratios to simulate roughly equitoxic 
concentrations of; BLM anci cysteine proteinase 
inhibitor, we generated isobolograms at the ic 50 , 
level for each drug combination. With this model, 
we observed augmentation of cytotoxicity with 
combinations of BLM and cysteine proteinase 
inhibitors in both cell lines (Fig. 4)., Points 
falling below the, ineffective (ic 50 ). line indicate 
enhancement of cytotoxicity created by the drug 
combination. The combination of E-64 and BLM 
A 2 resulted in enhanced cytotoxicity at both drug 
ratios tested in C40E cells (Fig. 4A). Similarly, the 
combination of E^64 and BLM A 2 resulted in 
enhanced cytotoxicity fat all ratios ;. tested in A : 253 
cells (Fig. 4B). The\ combination of leupeptin and 
BLM A 2 resulted in synergism of cytotoxicity at the 
three ratios tested in A-253 cells (Fig. 4C). 

Cysteine proteinase and BLM A 2 metabolism arid 
association. Cysteine proteinase inhibitors, such' as' 
E-64, can block the metabolism of BLM by isolated 
% BH [10]. We, therefore, examined the effect of E- 
64 pretreatment on BLM A 2 metabolism in intact 
cells. Preincubation of A-253 cells with E-64 (2 mM) 
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for 72 hr prior to [ 3 H]BLM A 2 completely abolished 
the major metabolite peak (fractions 36-45, Fig. 
3C), with all radioactivity detected in either the 
BLM A 2 peak, fractions 9-11 or the void volume. 
Preincubation of C-10E cells with 2mM £-64 fcr 
72 hr (Fig. 3F) greatly reduced the radioactivity in 
fractions 36-45. When the percent of total 
radioactivity for each peak was calculated (Fig. 5), 
a similar pattern emerged. Peaks 1 (solvent front) 
and 2 (minor metabolite, fractions 9-11) were not 
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changed by pretreatment with E-64 in either cell 
line. Peak 3 (major r...Uabolite, fractions 36-45), 
however, was diminished substantially by E-64 
pretreatment in both cell lines, with a corresponding 
increase in unmetabolized BLM A 2 . Thus, E-64 was 
capable of blocking metabolism of BLM At in both 
sensitive and resistant cell lines. 

We next examined the effect of E-64 on cellular 
association of [ 3 H]BLM A 2 in the A-253 and C-10E 
cell lines. We did find a significant increase in 
[ 3 H]BLM A 2 association at all time points (P < 0.005) 
when A-253 cells were preincubated with 2mM E- 
64 (Fig. 6A). The cellularassociation of radioactivity 
in the presence of E-64 was elevated approximately 
2-fold and persisted for the full time-course of this 
study, Pretreatment with 2mM leupeptin also 
resulted in a significant increase (P < 0.05) in cellular 
[ 3 H]BLM A 2 in A-253 cells at all time points (Fig. 
6B). Association of [ 3 H]BLM A 2 was increased by 
nearly 2-fold during the first 30min of incubation. 
Cellular association was rapid, peaked at 5 mint and 
declined slightly over the 60-min time-course. In 
contrast, E-64 pretreatment had no effect on cellular 
[ 3 H]BLM A 2 association in C-10E cells (Fig. 6C). 

DISCUSSION 

We h*we developed a human squamous carcinoma 
cell line (C-10E), which is both highly (40-fold) and 
selectively resistant to BLM. The C-10E ceils exhibit 
two phenotypic properties that distinguish them from 
the parental A-253 cells: (1) increased metabolism 
of BLM and (2) decreased cellular association of 
BLM. The 3LM-resis*ant C-10E cells were not 
cross-resistant to doxorubicin or vincristine, but were 
more sensitive to cisplatin (Table 1). Thus, the C- 
10E cells have acquired a drug resistance profile 
distinct from cells previously derived from the 
parental A-253 cell line [19]. We find the collateral 
sensitivity of C-10E cells to cisplatin intriguing not 
because there is any apparent mechanistic basis but 
because BLM is often used with cisplatin and this 
could have some clinical significance. 



Fig. 4. Synergism with various ratios of cysteine proteinase 
inhibitors and BLM A 2 in A-253 and C-10E cells. Cells 
were seeded in microtiter plates and allowed to grow for 
4 days in the presence of drug combinations. Cell number 
was determined spectrbphotometrically (540 nm) after 
staining with -MTT. Growth inhibition data were then 
transformed to IC50 isobolograms using the median-effect 
software package obtained from Elsevier-BIOSOFT 
(U.K.). Each point is the mean value of three or more 
determinations, and drug ratios were chosen to bracket 
equitoxic doses for the two compounds. (A) Synergism 
with the drug combination of E-64 and BLM A 2 in C-10E 
cells. The molar drug ratios used, we re E-64: BLM A 2 of 
1 ,000: 1 and 333 : 1 as indicated. Thejc 50 for E-64 alone in 
this experiment was 7.5 mM. (B) Synergism to the drug 
combination of E-64 and BLM A 2 in A-253 cells. Molar 
drug ratios used were E-64 : BLM A 2 of 20,000 : 1 , 6.667 : 1 , 
or 2,222:1/ The ic so ' for Er64 alone was 6.5 mM. (C) 
Synergism between leupeptin and BLM A 2 in the . growth 
inhibition assay. A-253 cells were grown in the presence 
of molar drug ratios of 300,000:1, 3,600,000:1 or 
4,500,000:1 for 4 days. The ic 50 for leupeptin in this 
experiment was 7.2 mM. 
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Fig. 5. Effect of E-64 pretreatment on the metabolism of 
j 3 H]BLM A 2 in A-253 and C-10E cells. The amount of 
radioactivity in each peak (from Fig. 3) is expressed as a 
percentage of the total radioactivity. Peak 1 represents 
solvent front (fractions 2-5), peak 2 represents minor 
metabolite (fractions 9-1 1) and peak 3 represents the major 
metabolite (fractions 36-45). A 2 represents BLM A 2 
(fractions 46-58). (A) Metabolism of [ 3 H]BLM A 2 after a 
4-hr incubation with A-253 cells in the absence (open bars) 
or presence (hatched bars) of 2mM E-64. The total 
radioactivity applied was 2063-2760 dpm. (B) Metabolism 
of [ 3 H]BLM A 2 after a 4-hr incubation with C-10E cells in 
the absence (open bars) or presence (hatched bars) of 
2mM E-64. Total radioactivity applied in these samples 
was 3418-4953 dpm. 



The role of BLM metabolism . in tumor cell 
resistance is controversial. Some investigators 
[6, 7, 23] have found that increased drug metabolism 
correlates with BLM resistance, whereas others 
[19,24] have not. Recently, we demonstrated that 
BLM metabolism plays a major role in Burkitt's 
lymphoma in vivo [16]. The HPLC profile (Fig. 3) 
and histograms (Fig. 5) for BLM metabolism 
indicated that the BLM-resistant C-10E cell line did 
possess an increased capacity to metabolize BLM 
compared to the sensitive (A-253) cell line. 
Incubation with ( 3 H]BLM A 2 for 4 hr was required 
for this difference to be detected and the major 
metabolite (fractions 36-45) for the C-10E cell line 
did not appear to be the known metabolite produced 
by BH, dBLM A 2 , which eluted earlier (fractions 
23-25). The identity of the component(s) within this 
peak area is unknown but its fonriation is clearly 
cysteine proteinase dependent (see below). 
We have also found that the resistant (C-10E) cell 




A 



B 



20 40 60 



Time (min) 

Fig. 6. (A) Enhancement of cellular association of [ 3 H)BLM 
A 2 in the presence of 2 mM E-64. Control flasks contained 
subconfluent A-253 cells grown with McCoy's modified 
medium. Experimental flasks contained the same medium 
to which 2 mM E-64 was added 3 days prior to assay. Cells 
were harvested, and the [ 3 H]BLM A 2 association was 
determined as described in Materials and Methods. (B) 
Enhancement of radioactive association of [ 3 H]BLM A 2 
by leupeptin. A-253 cells were grown in McCoy's medium 
supplemented with 10% FBS in the presence or absence 
of 2 mM leupeptin for 3 days prior to harvesting. (G>Effect 
of E-64 on association of l 3 H]BLM A 2 in C-10E cells. C- 
10E cells were grown in the presence or absence of 2 mM 
E-64 for the 3-day preincubation period. C-10E cell flasks 
contained no BLM for the preincubation period. Each 
point in the above figures is the average of six 
determinations; the SEM is included within the symbols 
unless noted by bars. Statistical significance was determined 
between E-64 pretreatment and no pretreatment samples 
at all time points using , an unpaired . Student's rtest 
(P<0.005 for panel A and P<0.05 fpr.panel B). 



line accumulated 2- to 3-fold less BLM than did the 
drug-sensitive (A-253) cell line (Fig. 2). Although 
change in cellular drug association has been 
hypothesized as a means of BLM resistance [23-25], 
the C-10 [19] and.C-lOE cell lines are the fire? in 
which this has been, demonstrated. We measured 
binding at 4° to differentiate between cell surface 
bound and internalized drug and found cell surface 
binding was also lower in resistant cells (Fig. 2Q; 
the diminution in cell binding was approximately the 
same as the decrease in cellular drug association (2- 
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to 3-fold). Although the mode by which BLM enters 
cells is not known, cell surface binding has 
been suggested by previous microscopic [25] and 
biochemical [26] data. A previous kinetic study of 
BLM uptake supported a carrier-mediated transport 
process with a roughly equal number of specific and 
non-specific binding sites [26]. We also found that a 
portion of BLM binding could be blocked with 
excess unlabeled BLM, consistent with the presence 
of both non-specific and specific drug-binding sites. 
In the resistant cell line we found no change in K a 
for BLM; but could account for the lower steady- 
state levels of BLM by a 43% decrease in for 
drug association (Fig. 2B, inset). This observation 
would be consistent with a lower density for acceptor 
sites for BLM in the resistant (C-10E) cell line. 
Thus, the C-10E cells have two phenoty pic properties 
that could produce resistance to BLM; we do not 
believe, however, that these two differences are 
related because the C-10E cells were derived from 
cells (C- 10), which exhibited only decreased BLM 
A 2 association [19]. Continued selection pressure 
with BLM over 2 years has apparently resulted in 
the expression of a second mechanism of cellular 
resistance, increased drug metabolism, in the C-10E 
cell line. 

The cysteine proteinase inhibitor, E-64, has been 
shown to inhibit BH in vitro [10,27], and to 
potentiate the cytotoxicity of peplomycin against 
Chinese hamster lung cells in culture [17] and Ehrlich 
ascites-bearing mice in vivo [18]. Using isobologram 
analyses to evaluate drug interactions, we report 
here for the first time true pharmacological synergism 
between BLM and E-64 in both resistant and 
sensitive human tumor cell lines (Fig. 4). Nishimura 
etai. [17] suggested that potentiation of peplomycin 
cytotoxicity by E-64 is due to inhibition of BH; these 
investigators, however, found no significant change 
in total cellular content of drug (parent drug plus 
metabolites). The presence of several metabolites 
(fractions 9-11, 36-45) and the inhibition of the 
. formation of one of these peaks (fractions 36-45) by 
treatment with E-64 (Figs. 3 and 5) could signal the 
existence of another cysteine proteinase capable of 
metabolizing the parent molecule or could indicate 
further metabolism of dBLM A 2 . We are currently 
investigating the chemical nature and biological 
activity of these BLM metabolites. 

In addition to effects on drug metabolism, E-64 
and leupeptin were capable of increasing BLM A 2 
cellular association. A-253 cells responded to either 
E-64 or leupeptin (Fig. 6, A and B) with a substantial 
increase in cellular BLM association. Surprisingly, 
the resistant (C-10E) cell line did not (Fig. 6C). This 
cannot be explained by a differential sensitivity to 
E-64 since the ic 50 values for both cell types were 
similar. < (5-7 mM). Thus, two separate cellular 
mechanisms: (1) inhibition of metabolism and (2) 
enhancement of cellular drug association may 
account for the synergism seen between cysteine 
proteinase inhibitors and BLM. 
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